Introduction
The second half of the twentieth century has seen the advent of silicon as the key material of microelectronics. Though the most critical processing steps in established silicon technology are performed in dry conditions, this has stimulated interest in the electrochemistry and wet surface chemistry of that material. After the early studies in the fifties (1) (2) (3) (4) , this interest has been revived by several landmark events. In the midseventies, a surge of interest for semiconductor electrochemistry was triggered by the hope to realize the photoelectrochemical conversion of solar energy with semiconducting photoelectrodes (5) . Though silicon does not appear as an ideal material in this context, fundamental knowledge on the silicon/electrolyte interface has greatly benefited from this effort (6) . In the early nineties, a revival of interest was triggered by porous silicon, a long-known material obtained by electrochemical anodization of a single-crystal silicon surface in HF (2, 7, 8) . The astonishing finding that porous silicon may be strongly photoluminescent in the visible range aroused an unprecedented effort in the electrochemistry of silicon in fluoride medium (9) (10) (11) . Finally, in the late nineties, a new interest arose on the surface chemistry of silicon, on one hand because it can be controlled down to atomic level, providing an ideal benchmark for surface chemistry studies, and on the other hand because the subject is very promising in terms of applications, especially in the field of sensors (12) (13) (14) (15) .
In this paper, we will attempt to briefly review the main knowledge on the electrochemistry and surface chemistry of silicon, with an effort to distinguish what seems firmly established from the more controversial points. In a last part, we will try to identify some of the challenges of the domain for the near future. Of course, such a brief review cannot be exhaustive. We will attempt to give a fair summary of the present state of knowledge, but this review will still largely reflect our own interests.
Facts in Silicon Electrochemistry
Silicon is a semiconductor; hence, in any electrolyte, silicon electrodes usually exhibit rectifying behavior. Namely, in the dark, moderately doped n-Si electrodes lead to a very small anodic current and p-Si electrodes lead to a very small cathodic current (6) . This behavior disappears whenever minority carriers are created near the surface, either by bandgap illumination or by junction breakdown under strong reverse bias, a process which takes place at increasingly small potentials as doping level is larger (16) . While keeping in mind these classical aspects, a more specific feature of silicon, related to its chemistry, appears most important, namely the insoluble character of silica, except in fluoride medium. This leads us to distinguishing three major kinds of electrolytes: aqueous non-fluoride media, fluoride media, and non-aqueous media.
Silicon in aqueous non-fluoride electrolytes
Silica is a good insulator, and the surface of a silicon electrode can be easily passivated with a thin layer of silica. Early studies of electrochemical oxide growth on silicon electrodes under galvanostatic control indicated an oxide thickness of 0.4 nm/V (17) . Silica layers up to ~100 nm thickness could be obtained in this way. However, these anodic oxides tend to incorporate ions from the electrolyte (18) . Hence, they exhibit poor electronic properties: high concentration of interface states and fixed charges. This makes them unsuitable as gate insulators in MOSFET technology. Interestingly, it has been shown that anodization of silicon in ultrapure water leads to a silicon/oxide interface of much higher electronic quality (19) . However, this method has not as yet emerged as a practical route to gate oxide fabrication.
The first stages of anodic oxidation of an n-Si electrode have been followed by transient studies monitoring the small dark current when the electrode is put into contact with the electrolyte. Systematic determinations of the flatband potential by impedance measurements and Mott-Schottly analysis have also been made (20) . These studies indicate that the small dark current flows through the intermediate of interface states, which appear associated with the oxidation process, and electron transfer from the interface states to the conduction band takes place by activated transfer over the Schottky barrier. The flatband potential appears to be pH dependent, with a slope of ~30-40 mV per pH unit (20, 21) , and the Schottky-barrier height follows the same trend, with a lower slope of ~10 mV per pH unit (20) . Direct evidence for the presence of the interface states is obtained from a peak in the capacitance/potential curves and from the presence of a small subbandgap photocurrent, associated with photoassisted electron transfer from the occupied interface states to the conduction band (22) .
The cathodic behavior of silicon electrodes has been the subject of some studies, especially in view of the photoelectrochemical generation of hydrogen (23) (24) (25) . p-Si appears as a poor candidate for that purpose. The poor catalytic properties of the silicon surface can be remedied by the deposition of transition-metal islets (23, 24) , but the gain in phopotential is low, and oxidation of the surface in water is still a problem for longterm performance. Furthermore, hydrogen can be incorporated into the silicon lattice, leading to a new kind of interface states prejudicial to the electrical quality of the junction (26) (27) (28) . Note that the same phenomenon may take place at zero current during chemomechanical polishing (29) .
Silicon is efficiently dissolved at open-circuit potential (OCP) in strongly basic electrolytes, a chemical reaction accompanied with hydrogen evolution. The dissolution rate of silica remains much smaller in the same media. Interestingly, the dissolution mechanism of silicon appears highly anisotropic (much slower etching of the {111} planes), and is inhibited at high dopings. These features have been widely exploited for silicon micromachining (30) . The etching mechanism has been discussed in light of various studies (effect of an applied potential (31) , in situ ellipsometry (32) and scanning tunneling microscopy (33) ). For applied potentials slightly negative of OCP, etching of the {111} terraces can be fully inhibited, leading to dissolution of {111} planes by a stepflow mechanism. For increasingly positive potentials, the etching becomes more isotropic, till oxidation takes place, leading to passivation (Flade potential). The change in behavior around OCP has been interpreted in terms of the coexistence of two mechanisms: a purely chemical mechanism, strongly anisotropic, and a zero-current electrochemical mechanism, exhibiting less anisotropy than the former one (34) . The transition between the active dissolution state and the passive state leads to the appearance of electrochemical transients that may still deserve investigation (35) .
Silicon in fluoride electrolytes
By contrast with alkaline non-fluoride media, hydrofluoric acid dissolves silica very rapidly, but silicon is essentially not attacked. An oxidation followed by an HF rinse then represents a simple way to prepare clean, oxide-free silicon surfaces.
Silicon at OCP in fluoride medium. A most remarkable discovery is that HF-rinsed silicon surfaces are virgin of any oxide and remain so on a time scale of a few minutes to an hour, even when handled in atmosphere. This surprising passivation against oxidation has been found to be due to the presence of a covalent hydrogen coating on the surface. The presence of hydrogen was first discovered in the seventies by Harrick and Beckmann (36) , but this result was largely ignored. It was rediscovered in the eighties (37) (38) (39) , and a few years more were necessary before general agreement is reached (40) . The fact that hydrogen, rather than fluorine, is left on the surface (though the Si-F bond is much stronger than Si-H) can actually be understood as a kinetic effect: the limiting step of (very slow) Si etching in HF is attack of the SiH groups by the fluoride species; hence, the steady-state of the surface in contact with the liquid is essentially the hydrogenated state (41) . However, surfaces obtained by rinsing in HF are atomically rough, exhibiting SiH, SiH2 and SiH3 species, with a variety of environments (40) . For the case of {111} surfaces, it was found that using slightly basic ammonium fluoride instead of HF (a combination of the properties of the alkaline and fluoride media) leads to anisotropic etching with formation of atomically flat hydrogenated terraces, where the hydrogen is ECS Transactions, 53 (6) 3-22 (2013) exclusively in the form of monohydride; i.e., the dangling bonds of the {111} terraces, all pointing in the direction perpendicular to the surface, are saturated with hydrogen (42, 43) . These {111} surfaces, unreconstructed (44) , perfectly ordered on distances as large as 100-1000 nm, and virgin of any surface states in the bandgap (45) , represent an important achievement in terms of surface control down to atomic scale. The treatment has been further optimized (46) , leading to a well-defined starting point for many studies (see, e.g., last section).
Silicon dissolution at moderate potential: porous silicon. The voltammetry of p-Si or illuminated n-Si in fluoride electrolyte exhibits several regions in the anodic range (47) (48) (49) (50) (51) . In a first potential range (A) close to OCP, the current increases with increasing potential, with a Tafel slope of 60 mV/decade (52) . The higher the fluoride concentration, the larger the current that may be reached in this region. In this range, the bands at the surface for p-Si are under slight depletion conditions (52), the dissolution is divalent and accompanied with hydrogen evolution [Si−2e
, the impedance diagrams exhibit a low-frequency inductive loop (53, 54) , and the surface recombination velocity is low, though it increases with increasing current density, indicating an increasing concentration of surface states within the bandgap (55) . For the case of illuminated n-Si, photocurrent multiplication is observed, which gives evidence for the presence of electron-injecting intermediate states (56, 57) . A related current peak is observed when an oxidized surface is exposed to fluoride electrolyte. This phenomenon indicates electron injection by the intermediate states when oxide dissolution is nearly complete (56, 58, 59) . In-situ infrared spectroscopy of the surface in the fluoride electrolyte indicates that the surface remains essentially hydrogenated in this potential range (60) . It is found that silicon dissolution is not complete, but a porous silicon layer is left on the surface. Under galvanostatic conditions, the thickness of this layer increases linearly with anodization time (7, 8) . Thicknesses up to several tens and even hundreds of micrometers can be obtained.
Porous silicon (PS) is actually a new material, which has been the subject of hundreds of studies (7, 8, 61) . In practice, the anodic treatment is performed under galvanostatic conditions in concentrated HF, generally in the presence of ethanol or another surfactant, aimed at avoiding the presence of hydrogen bubbles sticking to the surface. For p-Si, the layer is generally micro-or mesoporous, with a characteristic pore size increasing at high doping concentrations (7) . At low doping concentrations, the initially microporous morphology turns to macroporous as the layer is made thicker (Fig. 2 ) (62). For n-Si, a variety of experimental conditions may be used: anodization in the dark under spacecharge breakdown conditions (16) , anodization at fixed potential under front (63) or back illumination (64) . The morphology depends on the detail of these conditions, though macropores are more often obtained on n-Si than on p-Si (62, 65) . The PS surface comes out hydrogenated, but it may be oxidized either slowly by ageing or more quickly by various treatments (thermal, anodic, or photochemical oxidation). Chemical modifications have also been explored (66) . PS has attracted much interest due to the variety of morphologies that may be obtained. Depending on the conditions, the macropores may grow either parallel to the current lines (actually normal to the envelope of the pore front (67)) or along preferred crystallographic directions (<100> favored), and prepatterning may be used, opening new routes for microfabrication (64, 68) .
Finally, it has been found that microporous PS is strongly photoluminescent in the visible range, a very surprising fact since Si is an indirect-bandgap semiconductor with a gap in the infrared range (9) . After many conflicting studies, it is generally agreed that this result is essentially due to quantum confinement of the electronic states in the silicon nanostructures, though surface effects may also play a role (69) . A key experiment in this respect is the comparison of PS made from p-Si with PS made from amorphous hydrogenated silicon (70) . In either case a visible PL is observed, but the behavior of this photoluminescence when the nanostructure is dissolved in HF is strikingly different: for PS from p-Si, the luminescence shifts from the near-infrared to the red and the yellow, indicating increased confinement effects when the structure is thinned down before full dissolution, whereas for PS from a-Si:H no shift is observed, due to the fact that the electronic states responsible for the luminescence are already localized by disorder in the initial (amorphous) material ( Fig. 1) (70) . There has been many attempts to elaborating electroluminescent structures from PS, but the best results in terms of efficiency and stability are still somewhat below expectation (71) . The possibility of elaborating silicon nanostructures by chemical etching in the presence of an oxidant, either a redox couple in solution (72, 73) or a metal/ion couple (metal-assisted dissolution) (74) (75) (76) may open new routes in this respect. Note that the latter method also allows for the elaboration of nanowire arrays, a morphology opening new fields of application. Meanwhile, the very formation mechanism of porous silicon remains a controversial issue. There is no doubt that various mechanisms must be considered depending on the type of porous silicon (from p-Si or n-Si, microporous or macroporous,...). It is generally agreed that macropores formed on n-Si at high potential in the dark are due to the fact that avalanche breakdown of the space-charge is favored at the pore tips, where the electric field is larger (16, 77) . Also, the role of the space-charge layer thickness in determining the pore spacing, though it may not be an absolute rule (78) , is generally recognized (79) . However, the origin of micropores is less clear. For p-Si, several physical and chemical mechanisms have been invoked for explaining current enhancement at the pore tips and passivation of the pore walls. These include Schottkybarrier lowering (80, 62) , increased diffusion current (81) , quantum confinement of the electronic states (82) , hydrogen passivation (83), defects (84, 85) , reaction intermediates (86, 87) ... We have shown that a model involving some of these effects is able to account for the morphologies observed at p-Si, including the transition to macropores for lowdoped material (88, 89) , but there is as yet no general agreement on a single model (90) . Silicon dissolution at higher potentials: electropolishing and the oscillations. When potential is increased beyond the regime of porous silicon formation (region A), a small current peak is observed, followed by a first current plateau (region B), a second current maximum, and a second plateau (region C), extending typically through the 1.5-10 V vs SCE range (Fig. 3a) . The magnitude of these currents increases with increasing fluoride concentration and decreases when pH increases above 3. The reaction is under mixed control conditions and follows the Koutecky-Levich law 1/J = 1/Jk + 1/Jd, where Jk is the kinetic contribution and Jd is the diffusion current corresponding to the supply of fluoride species (91) (92) (93) . The voltammograms are essentially the same for p-Si and for illuminated n-Si, except for a small shift in potential corresponding to the photopotential (49, 51) . The presence of oxide on the surface can be detected from the first current peak (94) . In region (B), often referred to as the "first electropolishing plateau", the dissolution gradually changes from divalent to tetravalent (3), the impedance diagrams exhibit a lowfrequency capacitive loop (53, 54) , the surface appears coated with a "wet-10 µm (a) (b) Figure 2 . Example of two complex morphologies: porous silicon made from low-doped pSi {100} (400 Ωcm, 30 mAcm −2 ). (a) HF 10%: "crystallography-driven" macropores, facetted and aligned along {100}; (b) HF 20%: "current-line driven" macropores, rounded and filled with microporous silicon. Note the top microporous layer, present in both cases (removed by polishing for acquiring the top views). These morphologies can be accounted for quantitatively (88, 89) .
oxide"/hydroxide film (95), the current is slightly orientation dependent (50, 96, 97) , and the surface recombination velocity is high (98) . In this region, the surface remains rather rough on the nanometric scale (99) . In region C ("second electropolishing plateau"), the bands at the surface turn to accumulation conditions (100), the current decreases then slowly re-increases with increasing potential (47) (48) (49) (50) (51) , the dissolution is nearly tetravalent (101) , there is an oxide layer whose thickness, of a few nm, increases with increasing potential, reaching a value on the order of 10 nm at 5 V (95), and the surface is under good electropolishing conditions (99) . Interestingly, the electrochemical current in this region tends to exhibiting an oscillatory behavior, which has stimulated much fundamental interest (54, .
These oscillations are observed either under galvanostatic conditions (potential oscillations) or more often under quasi-potentiostatic conditions (current oscillations in the presence of a small series resistance, which may just consist of the series resistance of the silicon bulk, the electrolyte, and/or the back-contact). Various physical quantities have been found to oscillate at the same time as the current: thickness of the interfacial oxide layer (103, 106, (112) (113) (114) 122) , optical properties of the oxide (112), surface hole concentration (111, 112) , interface strain (109, 116) , surface recombination velocity (110),... These oscillations exhibit a marked difference with most electrochemical oscillations. Namely, under true potentiostatic conditions (that is, if care is taken to avoid any series resistance), a stable current is obtained, as it is common among electrochemical oscillating systems (105) . However, unlike the case of most of these systems, here any perturbation of this stable steady state (potential step or change in the potential sweep rate, change in electrode rotation rate,...) leads to excitation of a current oscillation, which is slowly damped after the perturbation is stopped (Fig. 4a) (103) . This behavior is better termed resonant rather than oscillatory (54) . The electrochemical impedance exhibits indeed a resonant behavior at the frequency of the "spontaneous" oscillation and at its overtones (though the measurements are made in the linear-response regime) (Fig. 4b) (54) . It indicates that the oscillation is present indeed, "hidden", even in the stable steady state. The key for this original behavior has been inferred from the experiments represented in Fig. 4c-d (103) . A strong oscillation is triggered, for example by applying a small potential excitation at the resonance frequency. Then, at some time during the oscillation, the potential is stepped to a value close to OCP, and the current is monitored as a function of time. The recording exhibits a peak, which has been attributed to electron injection from dissolution intermediates at the end of the dissolution of the oxide (56, 58, 59) . The delay at which the current peak occurs can then be taken as a qualitative indication of the oxide thickness at the time when the potential was stepped. The variation of this delay with the stepping time gives a direct evidence for the oscillation of the oxide thickness during an oscillation period. However, if the electrode is brought to the steady state, stepping the potential to the same value leads to the observation of a much broader current peak, which appears indeed as the average of the peaks obtained at various stepping times during an oscillation period (103) . This gives direct evidence that the oxide thickness in the steady state is distributed, and that this distribution is consistent with a sustained oscillation being present at any point of the surface, the various points of the surface being uncorrelated in phase. Turning this idea of small "self-oscillating domains" into a quantitative form has allowed us to account for the very complex impedance diagrams quantitatively and with a very small number of free parameters (104) . There is as yet no direct visualization of these domains. The very origin of the oscillation has been the subject of many proposals, two of which have been put in a quantitative shape. For Lewerenz et al., the oscillation arises from periodic stress-induced breakdown of the oxide layer (107, 118, 119) . For Föll et al, dielectric breakdown is the key mechanism (114, 117, 121) . Either model accounts for many though not all of the experimental observations, leaving in our opinion the issue imperfectly solved. Silicon dissolution at very high potentials: porous silica. Above a typical potential of 10 V, the current again exhibits a steep increase (Fig. 3b) . However, strong oxygen evolution is found to occur only above 20 V (region E). In between (region D), silicon dissolution is speeded up. Combined electrochemical impedance/infrared measurements have shown that this is due to the formation of a rather thick (~ 100 nm) porous oxide layer (125) . Still thicker layers (up to micrometer thickness) may be obtained when starting from a dilute fluoride electrolyte with a neutral or slightly basic pH. Silica is almost insoluble in such a medium, but the anodic oxidation of silicon at the pore bottoms turns the medium locally acidic, allowing for partial dissolution of the oxide formed, and leaving a porous oxide behind (126) (127) (128) . A similar mechanism has been invoked to explain the formation of porous titania (129) . For the case of silicon, the mechanism has been put into a quantitative shape, allowing to reproduce the complex shape of the voltammograms, which exhibit bistable behavior (127, 128) .
Unlike porous alumina (130) and porous titania (129), the obtained silica films are mesoporous, with no well-defined pores but rather a spongy structure. Furthermore, the films formed at higher potentials exhibit a macrostructuration with various morphologies (waves, bowls, labyrinths), which has been attributed to partial dissolution of the film due to acidification caused by the onset of oxygen evolution (131) . Finally, careful studies of the mesoporous oxide, using X-ray reflectivity (132) and SEM examination after filling with electrodeposited nickel (133) , reveal the presence of a stratified structure on the scale of ~ 10 nm. It has been demonstrated that this periodic structure is associated with the oscillatory phenomenon observed in the 2-10 V potential range, which survives in the regime of porous oxide formation (125, 128, 133) .
Silicon in non-aqueous electrolytes
The addition of non-aqueous solvents to fluoride electrolytes has been used as an extra handle to influence the morphology of porous silicon or porous silica. For example; it has been found that the use of solvents such as dimethylformamide or dimethylsulfoxide allows for elaborating macroporous silicon with pores of a higher aspect ratio and a better defined geometry, the growth along the <100> directions being strongly favored (134, 135) . This can be attributed to a higher anisotropy of the electropolishing currents (J{111}<<J{110}<J{100}) in the presence of these solvents. Also, the use of glycol has been reported to be beneficial for the elaboration of porous silica (136) . However, in these studies except a few ones (137) , the role of the organic solvent was rather that of an additive, the medium remaining largely aqueous.
In the context of photoelectrochemistry, there has been studies of silicon in anhydrous non-aqueous solvents (138) (139) (140) . The aim contemplated was to realize a photoelectrochemical cell with a redox system, and avoiding silicon oxidation (passivation) or dissolution. The extreme sensitivity of the silicon surface to trace amounts of water made these attempts largely unsuccessful. Especially, a study of the flatband potential in nominally anhydrous acetonitrile electrolyte in the presence of various redox systems revealed that a freshly prepared hydrogenated silicon surface leads to a Schottky-barrier height depending on the redox system as expected, but ageing on an hour time scale leads to a barrier height essentially independent of the redox system, an indication of strong Fermi-level pinning (140) . Complementary studies confirmed that the initial surface is essentially virgin of oxide and electronically clean, but ageing in contact with the electrolyte leads to oxidation with the formation of interface states in the bandgap (140) . These interface states were demonstrated to play the role of intermediate in the electrochemical transfer for simple redox systems (141) .
However, the case of alcohol solvents and especially methanol appeared singular in this respect. In contrast to the case of acetonitrile and other non-aqueous solvents, nSi/electrolyte junctions prepared in methanol lead to stable junctions. The Schottkybarrier height and the photopotential depend on the potential of the redox system as expected for an ideal semiconductor/electrolyte junction (142) , allowing for the elaboration of stable and efficient n-Si/redox system photoelectrochemical cells (143) . It has been shown that this good result is actually due to a chemical modification of the silicon surface by the spontaneous grafting of methoxy groups (144) . This provides chemical stabilization of the surface against oxidation, and at the same time the associated dipole leads to a shift of the flatband potential, increasing the photopotential and the performance of the cell (142) (143) (144) . The spontaneous grafting of methoxy groups is one of the first examples of the beneficial effect of a chemical modification of the silicon surface by organic grafting. This grafting can actually be made much faster under anodic polarization, as it was demonstrated later for porous silicon (145) . Since this work was done, organic modifications of the silicon surface, using electrochemical or wet chemical routes, have developed into a wide field, which will be briefly summarized now.
Facts in Modification of the Silicon Surface
The organic modifications of the silicon surface have been reviewed in several recent papers (13) (14) (15) , and we will mention here only a selected set of results. The field of applications involves the protection of electrodes or the prevention of silicon oxidation, but the major field of applications is that of sensors. The aim is then to immobilize a specific chemical or biochemical species on a surface (probe molecule). The choice of silicon as a substrate is one among others. It is largely motivated by the perfect control of the initial surface down to atomic scale. The first step is then the preparation of a hydrogenated surface. In a second step, the surface hydrogens are substituted by organic species. Anchoring of the organic species is generally realized through an Si-O-C bridge or a direct covalent Si-C bond, the latter method leading to an attachment less prone to hydrolysis, hence more robust in atmospheric or aqueous environment. This substitution reaction can be carried out electrochemically, but also chemically, using thermal, photochemical, or catalytic activation.
Anchoring through an Si-O-C bridge
In the same way as methanol, alcohols can react with the hydrogenated silicon surface, according to the reaction ≡SiH + HOR → ≡SiOR + H2. The reaction is usually carried out using thermal activation (typically 100°C, 10 h) (146) . The alcohol must be anhydrous, otherwise silicon oxidation takes place in parallel. The fraction of substituted hydrogens is limited by steric hindrance among the alkoxy groups. In practice, at an ideal {111}-SiH surface, a substitution of 50% may be expected. The same type of modification may be reached by using aldehydes instead of alcohols: ≡SiH + O=CH-R → ≡SiOCH2R, which is reported to lead to slightly more compact layers (146) .
Anchoring through a direct Si-C bond Electrochemical methods. Electrochemistry provides a simple method to generate free radicals, which can abstract a hydrogen atom from the hydrogenated silicon surface, making it very reactive for grafting. A popular example of such methods is the grafting of aromatic groups by cathodic (photocathodic on p-Si) reduction of diazonium compounds in aqueous medium: RφN2 + + e (grafting) (147, 148) . The advantage of these methods is that they are very fast as compared to chemical methods (the grafting itself can be carried out in a few seconds). Their disadvantage is that the free radicals are very reactive, and they may often rearrange or react with species in solution (leading to undesired species) or else react with the already grafted layer; if such is the case, the grafting is not self-limited to a monolayer, and a polymeric layer is obtained instead. For the case of diazonium precursors, and though formation of a polymeric layer is possible, it has been shown that proper control of the Faradaic charge may enable one to stop the modification at the monolayer level (149) . Since the reaction is performed at negative potentials, silicon oxidation is not too severe. It may be completely avoided by working in a non-aqueous solvent (149) . Finally, one must note that the energetics of the reaction depend on the substituent R. For example, for R = NO2 (nitrobenzenediazonium), the standard potential of the first step is shifted in the positive direction, so that the reaction can take place spontaneously at OCP, leading to spontaneous grafting at zero current (150) .
Another example of electrochemical grafting is the anodic (photoanodic on n-Si) grafting of alkyl chains from Grignard precursors in ether or tetrahydrofuran: RMgX → R
• + MgX + + e − , followed by ≡SiH + R
• → ≡Si • + RH and ≡Si • + RMgX → ≡SiR + MgX + + e − . Since an alkyl radical cannot abstract a hydrogen from an alkyl group, the grafting is self-limited to a monolayer (actually 50% of the hydrogen sites on {111}-SiH, due to steric hindrance effects). Furthermore, the presence of the Grignard insures that the medium is perfectly anhydrous, which prevents any oxidation of the silicon surface during the grafting (151) . The case of methyl is special, because the small size of the methyl groups allows for 100% substitution of the hydrogens at the {111}-SiH surface (152) . This provides a robust protection of the surface. In the context of the development of high-K oxide technology for next-generation MOSFETs, the unique thermal stability of the methylated Si surface has been proposed as a method to avoid formation of an interfacial SiO2 layer during MOCVD deposition of HfO2 on silicon (153) . Aromatic or unsaturated groups (vinyl, ethynyl) can also be grafted from Grignard precursors (154, 155) . However, in that case the aryl, enyl or ynyl radical formed is able to abstract hydrogen from most solvents and to undergo reactions with the already grafted groups. Solvent attack may be avoided by exchanging the ether with 1,2-dichlorobenzene, but anyway the reaction is not self-limited to a monolayer. It has been shown that using 4-chlorophenyl magnesium bromide as the precursor orients the attachment of new phenyl groups in the para-position, providing a simple method to form poly-paraphenylene layers anchored to silicon (154) .
Other electrochemical grafting methods include the cathodic grafting of alkyl chains from halogenoalkanes, a mechanism proceeding though the formation of alkyl radicals, in the same way as the anodic decomposition of alkyl Grignards (156) , and the anodic and cathodic decomposition of alkynes (157).
Chemical methods. As compared to electrochemical methods, chemical methods are sometimes preferred because they do not require taking a back-contact. For example, grafting of alkyl chains from Grignard precursors may be done thermally (158, 159) , a reaction which has been demonstrated to be actually a zero-current electrochemical reaction in the presence of alkyl halide in the Grignard (160) . Alternately, a two-step procedure (surface halogenation followed by treatment with a Grignard) has been proposed (161). However, the major advantage of chemical routes as compared to electrochemical (free-radical) methods is when the immobilization of fragile chemical functions is desired. The most studied chemical method for the immobilization of organic species on silicon is through the hydrosilylation reaction of double or triple bonds: ≡SiH + H2C=CH-R → ≡Si-CH2-CH2-R or ≡SiH + HC≡C-R → ≡Si-CH=CH-R. Here, R may bear various terminal functions, especially esters or carboxylic acids (alcohols, aldehydes or amines are not advisable, because they may also react with the SiH surface through the functional group). The reaction may be activated thermally (typically 180°C, 15 h) (162), photochemically (UV or even visible illumination) (163) , or thermally with the help of a Lewis-acid catalyst (EtAlCl2, 100°C, 15 h) (159, 164) , the latter method severely limiting the choice of the terminal function. In order to avoid the formation of oxide, it is important to rigorously exclude moisture from the grafting solution. In practice, this is automatically warranted if a catalyst such as EtAlCl2 is used. Also, when preparing mixed decyl/10-carboxydecyl monolayers from decene/undecylenic acid mixtures, the presence of a carboxylic acid has been found to be beneficial for preventing oxidation, which is attributed to water trapping in the form of inverse micelles in the decene solvent (165) .
Here again, steric hindrance usually limits the substitution of surface hydrogen atoms to at most 50%. SiH groups are then left on the surface below the organic layer, and the concentration of alkyl chains in these layers is on the order of 3-4 10 14 cm −2 , which makes
SiH oxidation by water penetration through the layer very difficult, though not quite impossible, especially at high pH. Ageing of these surfaces in ambient air on a month time scale or in basic solution for a much shorter duration is indeed found to lead to some oxidation (166) . It has been reported that starting from alkyne precursors instead of alkenes leads to a higher packing of the chains, hence an enhanced stabilization of the surface against oxidation is obtained (167).
Modifying the grafted layer: toward sensor applications
Once an organic layer has been grafted on a silicon surface, conventional chemical methods may be applied for modifying this layer. Starting from an alkyl layer is possible, though not easy given its poor reactivity. Strong oxidative treatments using an oxygen plasma (168, 169) have been reported to lead to the creation of oxygenated functions (alcohols, carbonyl and carboxyl groups). Silicon oxidation may be prevented if the plasma is very mild (168) . However, the oxidation reaction is hardly stereospecific (oxidation occurs at uncontrolled positions on the grafted chains), and avoiding simultaneous silicon oxidation is difficult. The anchoring of carboxylic acid functions by direct hydrosilylation of undecylenic acid (170) or of ethyl undecylenate, followed by hydrolysis of the ester (171), provides more convenient routes for the immobilization of carboxyl-terminated groups. These represent a better defined and more convenient starting point for chemical engineering of the surface using conventional organic synthesis methods.
The immobilization of chemical or biochemical species on a carboxyl-terminated surface is most often obtained by activating the carboxyl groups with a carbodiimide, enabling fast reaction of the activated terminations with a primary amine function. The method uses mild conditions (neutral pH, room temperature) and is not harmful for silicon. A better control of the activation is often obtained by adding Nhydroxysuccinimide to the activation solution (172) . The activated species formed is then a succinimidyl ester, which can be handled safely before reacting with the amine. Alternately, alkene chains bearing a succinimidyl ester termination may be synthesized and grafted directly onto silicon by hydrosilylation (173) . Any molecule bearing a primary amine linker may then be immobilized on the surface through a robust covalent amide bond (Fig. 5) . It has been shown that these treatments, initially assessed on welldefined {111} silicon surfaces, can be transposed to the surface of porous silicon (174) , and also of plasma-deposited amorphous hydrogenated silicon and silicon/carbon alloys (174, 175) , which present many advantages in terms of cost and flexibility. Especially, these materials can be deposited on any surface at any desired thickness, which has allowed for the design and optimization of sensors based on fluorescence, surface plasmon, and localized surface plasmon detection (175, 176) . Many different species, such as peptides, DNA oligomers, glycans, and various proteins, have been immobilized on such surfaces (175) (176) (177) (178) . The concentration of immobilized molecules can be controlled by starting from a layer where the carboxyl-terminated groups are diluted among methyl-terminated groups. Such surfaces may be obtained by using a grafting solution composed of carboxyl-terminated precursors diluted in decene (170) . For sensor applications, non-specific adsorption of the target molecules on the hydrophobic surface is a problem, which may be avoided if the alkene chains are modified by attachment of hydrophilic ethyleneoxide oligomers at their end (177) . Though the organic coating does not rigorously exclude silicon oxidation on the long term, the protection is sufficient to guarantee perfect stability, reproducibility and reusability of these sensors on a time scale of several months (175). 
Conclusion: Challenges for the Near Future
After more than 50 years investigation of the electrochemistry of silicon, we are still left with many fundamental unanswered questions. The electrochemistry of silicon in fluoride medium is especially intriguing. There is as yet no full agreement on the formation mechanism(s) of porous silicon. Addressing this issue would require also to take into account the many more recent observations on the formation of nanowire arrays (75, 76) , and the formation of other porous semiconductors (61) . Another challenge is the understanding of the origin of the macromorphologies obtained for porous silica (131) , which appear surprisingly different from those obtained for porous alumina and porous titania (129, 130) . Also, the nature of the mechanism at the origin of the electropolishing oscillations is still controversial. We do believe that progress on this point will require consideration of the voltammogram as a whole, and not only of that part where the oscillations are observed. We have made a step in that direction by developing a model for a "wet oxide", which correctly reproduces the current and the amount of oxide in region (B) (179) . Extension to region (C) is presently under consideration.
The development of modified silicon surfaces for sensor applications is a field of wide applied interest. Long-term stabilization of the silicon surface against oxidation is a key challenge in that field. For some people, the issue appears hopeless, and diamond appears as a more promising material (180) . We do think, and our recent results demonstrate, that silicon is still a good competitor in that field. Our results on fluorescence and plasmon sensors based on amorphous hydrogenated silicon/carbon alloys indicate a fair stability, sufficient for the development of such sensors. For fieldeffect sensors, a very hot subject in the context of sensors based on silicon nanowires (181), the issue is much more critical, because the oxidation, associated with the formation of silanol groups and interface states, may lead to an undesired sensitivity to the pH and to drifts in the sensor characteristics. An improved performance of the organic coatings against oxidation then appears as a major challenge for such applications. The grafting from alkynes instead of alkenes has been reported to represent a progress in that direction (167) . A comparative assessment of the performances of the two approaches is still to be made. Other methods may be considered too: partial oxidation of the grafted chains has been reported to enhance their packing, plausibly offering a better protection against water penetration (168) . Also, one may imagine the grafting of suitable precursors, that might be cross-linked after grafting.
Finally, silicon has been recently pointed out as a promising material for lithium battery anodes, as its theoretical capacity for lithium insertion exceeds that of graphite by one order of magnitude (182) . The problem of its poor cyclability is becoming an issue of considerable interest. Using nanostructured forms of silicon may be a way to solve the problem (183) . Our recent results indicate that it may also be circumvented by using suitable amorphous silicon-carbon alloys (184) . There is little doubt that exciting developments in these directions will take place in the near future.
